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We determined the heterogeneous transcription start points (tsp) of two c-myc 
genes from the common carp (Cyprinus carpio), tetraploid teleost, by the oligo-capping 
method and showed the exrstence of the first exon. This is the first report on the 
existence of the first exons of fish c-myc gene. Transcription of the two carp c-myc 
genes started from at least four sites in CAM1, Iocating from -752 to -381 bp upstream 
of the translation start site, and from twelve sites in CAM2, Iocating from -586 to -413 
bp upstrearn respectively. The first intron of CAMI and CAM2 were deduced to be 335 
bp and 356 bp, respectively. They shared 86.9% nt identity, Iower than those of the 
second exons (94.1%), and third exons (92.3%), which suggest that the first exon are 
evolving faster. No nt identities were found between the c-myc first exons of carp and 
other vertebrates. The putative promoter regions in CAMI and CAM2 contained no 
obvious TATA or CC~.T boxes in the expected positions. 
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1. Introduction 
Polyploidy is a potentially important process in the evolution of vertebrates 
(Ohno, 1970; Lundin, 1993). Studies on gene duplication in tetraploid teleosts are 
important for investigating the evolutionary processes following the tetraploid event 
(Ohno, 1993). 
The proto-oncogene c-myc is thought to be one of the most important genes in 
controlling cell proliferation (Roy et al., 1993). It has precise expression (both 
specifically and quantitatively), is crucial for cell division and differentiation and is 
highly conserved in vertebrates. In mammals, c-myc genes consist of three exons and 
two introns (Bernard et al., 1983). The first exon is a noncoding exon. It plays a 
regulatory role in the transcription of the c-myc gene (Saito et al., 1983). The second 
and third exon together encode the c-MYC protein. It has been reported that the first 
exon evolved more quickly than the second and third exons (Bernard et al., 1983; 
Hayashi et al., 1987). Furthermore, the human c-myc gene is transcribed by two 
promoters (Bernard et al., 1983; Battey et al., 1983). The noncoding exon and the 
promoter structures have not been reported in the lower vertebrates. 
Two c-myc genes in a tetraploid fish have been isolated from the common carp, 
Cyprinus carpio (Zhang et al., 1995). However, the first exon in the carp c-myc was not 
detected because of the incompleteness of the cloned carp c-myc CDNA. In addition, no 
signal was observed when carp genomic DNA was analyzed by Southern hybridization 
using human exonl as a probe (Zhang et al., 1993). This result suggests that either 
exonl is not present in carp c-myc, or it does exist, but its nt sequences are too different 
to be detected by human exonl probe. Therefore, in this study, we determined the 
transcription start points (tsp) of two c-myc genes frorn the common carp by the 
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oligo-capping method (Maruyama and Sugano, 1994) and demonstrated the existence 














































3. Results and discussion 
3.1. Determination of tsp of two c-myc genes 
ldentification of the 5' end of an mRNA is essential for determing the promoter 
region of a gene, especially when it is a "TATA-less" promoter region, where the tsp 
are not easily predictable. The oligo-capping method was used here to determine the 
tsp of two c-myc genes from the cornmon carp. 
PCR products amplified using prirner LSP-2 with Myc-1B were cloned and the 
sequences of 21 positive clones were determined. Using the oligo-capping method, tsp 
of CAMI were located at -466, -458 and -381 bp upstream of the putative translation 
initiation codon (The "A" of ATG is numbered as +1 .), while tsp of CAM2 were located 
at -586, -581, -579, -569, -543, -525, -517, -494, -492, -484, -419 and -413 bp upstream 
(Fig. 1). Six of the 21 clones were found starting from -581 of CAM2. The sequence at 
-580 to -574 of CAM2 was homologous to the initiator element (PyPyANA/TPyPy). 
The major tsp in CAM2 may be at around -581. 
Generally, it is difficult to amplify long fragrnents in PCR. So PCR was also 
performed using primers LSP-2 with Myc-2B which was designed in the upper stream 
regions. Of 12 clones that were sequenced, all were found to start at -752bp upstream 
of ATG of CAMI (data not shown). 
The sizes of the first introns interrupting the noncoding exonl and exon2 were 
deduced to be 335 bp in CAMI and 356 bp in CAM2, beginning with GT and ending 
with AG, respectively (Fig. 2). It is common that TATA box is around 25 bp upstream 
of tsp, and CCAAT box is around 80 bp upstream of tsp. However, characterization of 
the 5'-flanking regions indicated that the putative promoter regions in CAMI and 
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CAM2 contained no obvious TATA or CCAAT box like sequences in the expected 
positions, which is different from mammalian c-myc genes. Certainly, the CAM1 
promoter contained two TATA sequences (nt -1233, -1200), while there are three in 
CAM2 (nt -1389, -1254 and -904). However, as these sequences are situated far from 
any tsp, Iocation of the promoters remains to be determined. 
3.2. Comparison of the tsp ofCAMI and CAM2 
The oligo-capping method indicated that transcription of the two c-myc genes of 
carp started from at least four sites in CAMI and from twelve sites in CAM2. In human 
and mouse, the c-myc gene has two tsp (Bernard et al., 1983; Battey et al., 1983). Our 
results showed more variable clones and raised the possibility of the presence of 
variable tsp in carp c-myc genes, since the oligo-capping method specifically labels the 
capped end of mRNAS. Indeed, using the oligo-capping method, variable tsp are 
obtained from human EF-1 c~ and TGF- ~ type 11 receptor genes (Maruyama and 
Sugano, 1994; Yu et al., 1996; Suzuki et al., 1997). The maximum distance between 
these tsp was 371 bp in CAMI and 173 bp in CAM2 (Fig. 2). The difference in the tsp 
locations may be related to the modulation of expression. 
Using "GENETYX-MAC" computer algorithm developed by Software 
Development Co., the nt identities of CAMI and CAM2 were 78.5% in intronl, 86.9% 
in the first exon (nt -560 to -342 of CAMI and -586 to -364 of CAM2), 94.1% in the 
second exon, and 92.4% in the third exon. These results suggested that the first exon 
evolved faster than the second and third exon, which corresponds to the reports of 
Bernard et al. (1983) and Hayashi et al. (1987). Using the BLAST (Altschul et al., 
1990) program, there are no nt identities between the c-myc exonls of carp and other 
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vertebrates. In mammalian, several protein (MIF-1, MIF-2 and MIF-3) binding sites 
10cated at c-myc intronl were identified and are controlling c-myc expression 
(Zajac-Kaye and Levens., 1990; Yu, B. W., 1993). But in carp c-myc, these protein 
binding sites were not observed. Therefore, the c-myc genes of carp may have a 
transcription regulation system that is different from that of other vertebrates. Indeed, 
high expression of the lower vertebrates c-myc in differentiated tissues contrasts 
sharply with the low levels observed in mammalian adult tissues (Schreiber-Agus et al., 
1993; Schreiber-Agus et al., 1993). These differences may correlate with lower 
vertebrate-specific functions, such as tissue regeneration and/or immortalization of cell 
lines. 
The tetraploid event has been recognized as an important process in the 
evolution of vertebrates (Ohno, 1970; Lundin, 1993; Ohno, 1993). The present study 
helps us to understand the transcription function and evolution of c-myc genes in 
tetraploid fishes as well as in other vertebrates, besides knowing the differences 
between the two c-myc genes. It is suggested that subsequent to the tetraploidization 
event, one of the 2 duplicated genes may have evolved faster to obtain a new function 
or become silent (Ohno, 1970). The differences in exonl and the promoter structure 
between the two c-myc genes of carp suggested that CAMI and CAM2 were evolving to 
acquire different functions after the tetraploid event. Further studies are needed to 




(1) We determined the heterogeneous tsp of two carp c-myc genes by the 
oligo-capping method and indicated the existence of exonl. There are no nt 
identities between the c-myc first exons of carp and other vertebrates. 
(2) The first exons of the carp c-myc genes are evolving faster than the second and 
third exons, which corresponds to the reports of Bernard et al. (1983) and Hayashi 
et al. (1987). 
(3) Characterization of the 5'-flanking regions indicated that the putative prornoter 
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Figure legends 
Fig. 1. The 5' end sequences of the oligo-capped CDNA of two carp c-myc genes. The 
sequences corresponding to the carp c-myc genes were aligned along with the 
genomic sequences shown above. Dots (.) in CAM2 indicate the same residues as in 
CAM1. Clones I to 18 and 19 to 21 correspond to CAM2 and CAMI respectively. 
Gaps (-) shown between the sequence derived from the linker oligo and the sequence 
corresponding to the carp c-myc genes do not exist in the real sequence. Six clones 
start from -581 bp upstream of the translation start site of CAM2 
Fig. 2. The nt sequences of the 5' upstream regions ofCAMI and CAM2. Sequences in 
intronl are indicated by lowercase letters, and other sequences are indicated by 
capital letters. Dots (.) in CAM2 indicate the same residues as in CAM1. Gaps (-) are 
introduced to optimize identity. The nt residues are numbered at the right. The 
putative translation start codon ATG is indicated by bold letters. Primers used in 
oligo-capping are indicated by horizontal arrows. Tsp are indicated by vertical 
arrows. The initiator (Inr)-like sequence is underlined. The nt sequences of CAM1 



























































































































We cloned the full-length CDNA of max gene from the common carp (Cyprinus 
carpio). The CDNA clone of carp max consists of 1209 bp and contained an 
ATG-initiated ORF consisting of 156 aa. The carp MAX share 76.7-93.8 % aa identity 
with those of human, mouse, rat, chicken, Xenopus and zebrafish, respectively. The 15 
bp alternative splicing was observed in the loop region of helix-loop-helix and is not 
previously described in mammalian max sequences. Transcripts of max gene were 
observed in all of the tissues of carp investigated in this study. The highest expression 
was found in the ovary, and the transcripts in hepatopancreas and heart were low. Two 
carp c-myc genes (CAMI and CAM2) showed differential expression pattern. The 
expression of max was concomitant with CAM2 expression, but not with CAM1. It has 
been reported that MYC/MAX heterodimer as a regulator of gene expression has been 
maintained throughout vertebrate evolution, and the expression of cimyc has been 
concomitant with max expression･. In addition, according to phylogenetic analysis, 
CAMI is evolving faster than CAM2 after gene duplication. Therefore, this result 
suggests that CAMI may evolve to obtain a new function different from c-myc. 
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Introduction 
The proto-oncogene c-myc is thought to be one of the most important genes in 
controlling cell proliferation (Roy et al., 1993). It has precise expression (both 
specifically and quantitatively), is crucial for cell division and differentiation and is 
highly conserved in vertebrates. However, its mode of action and its interaction with 
the signaling pathway is still unclear. In mammals, c-myc genes consist of three exons 
and two introns (Bernard et al., 1983). The first exon is a noncoding exon. It plays a 
regulatory role in the transcription of the c-myc gene (Saito et al., 1983). Furthermore, 
in the human genome, 5 members of the myc gene family ((>myc, L-myc, N-myc, s-myc, 
B-myc) have been reported (Ryan and Birnie, 1996). Each member is structurally 
similar to one another, however, nucleotide and amino acid identities shared by them are 
less than 60%. Evolutionary origin and relationships of each myc mernber remain 
unknown. 
MJ~ is a basic helix-100p-helix/1eucine zipper (bHLH/LZ) protein, which 
forms heterodimers with members of the MYC protein family (Blackwood and 
Eisenman, 1991). MYC/MAX heterodimers exhibit sequence-specific DNA binding 
with much greater affinity than MYC homodimers. MAX may also form homodimers 
which recognize the sarne target sequence as the MYC/MAX heterodimer, but which 
are unable to function as transcription activators (Arnati et al., 1992; Kato et al., 1992). 
In lower vertebrates, both c-myc and max genes have already been isolated from 
the zebrafish, and it is suggested that MYC/MAX heterodimer as a regulator of gene 
expression has been maintained throughout vertebrate evolution (Schreiber-Agus et al., 
1993a). In a tetraploid fish, two c-myc genes (CAMI and CAM2) have been isolated 
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from the common carp, Cyprinus carpio (Zhang et al., 1995). According to 
phylogenetic analysis, CAMI is evolving faster than CAM2 after gene duplication 
(Zhang et al., 1994). In addition, we determined the heterogeneous transcription start 
points of two c-myc genes from the carp as reported previously (Futami et al., 2000). 
The first exons of the carp c-myc genes are evolving faster than the second and third 
exons. The differences in exonl and the promoter structure between the two c-myc 
genes of carp suggested that CAMI and CAM2 were evolving to acquire different 
functions after the tetraploid event. However, max gene had not been isolated from the 
common carp, so relations between max and two c-myc genes had not been proven. 
Polyploidy is a potentially important process in the evolution of vertebrates 
(Ohno, 1970; Lundin, 1993). Studies on gene duplication in tetraploid teleosts are 
important for investigating the evolutionary processes following the tetraploid event 
(Ohno, 1993). Furthermore, the study of expression of c-myc and max may help us to 
understand evolutionary origin of myc gene family in vertebrates, besides knowing the 
transcriptional function of max and two types of c-myc. In this report, we cloned a 
max gene from the common carp and compared it with expression patterns of two types 

















































CAG-3'). PCR was performed the same as the first PCR. The PCR fragment was 
subcloned into pBluescript 11 SK(-) and sequenced. 
2.2. Genomic Southern blot analysis 
10 ug of carp genomic DNA was digested completely with ECORI or HindIII, 
and electrophoresed in 0.8 % agarose gel and transferred with 0.4 N NaOH to a nylon 
membrane (Hybond N+, Amersham Falrnacia Biotech). The blot was hybridized with 
the 32P-labeled probe. The probe used was a part of putative exonl of carp max, which 
was amplified by PCR using CDNA clone as template. Membrane hybridization as 
well as washing procedures were carried out at 65'C, according to the standard protocol 
(Sambrook et al., 1989). 
2.3. Northern blot analysis 
To analyze the tissue-specific expression of the max gene, total RNA was 
extracted from hepatopancreas, kidney, brain, heart, gill and ovary of adult carp. 
Twenty ug of total RNA was electrophoretically separated on 1% agarose/formaldehyde 
gels and blotted onto a nylon membrane (Hybond N+, Amersham Falmacia Biotech). 
The blot was hybridized with the 32P-labeled CDNA probe. Membrane hybridization 
as well as washing procedures were carried out at 65'C, according to the method 
developed by Church and Gilbert (1984). 
















3. Results and discussion 
3.1. Isolation of carp max CDNA clone 
An RT-PCR strategy for cloning a partial CDNA of carp max successfully 
yielded a CDNA fragrnent of 419 bp. Database searches with the partial nt sequence 
thereof using BLAST program (Altschul et al., 1990) invariably yielded high scores of 
similarity to other vertebrate max sequences, and the most closely related to zebrafish 
max (data not shown). In order to obtain a full-length CDNA of carp max, the 5' and 3' 
RACE were performed (Fig. 1). As a result, the nt sequences of carp max CDNA 
clone, 1209 bp in length, were determined (DDBJ, registration number AB036771). 
This nt sequence contained an ATG-initiated ORF consisting of 156 aa (Fig. 2). Using 
"GENETYX-MAC" computer algorithm developed by Software Development Co., the 
carp Ml~ share 82.3 %, 76.7 %, 76.7 %, 77.4 %, 78.2 % and 93.8 % aa identity with 
those of human, mouse, rat, chicken, Xenopus and zebrafish, respectively. Notably, the 
bHLH/LZ region (Blackwood and Eisenman, 1991) was highly conserved throughout 
vertebrate evolution (Fig. 3). 
The mammalian max gene has been shown to encode several alternatively 
processed transcripts (Blackwood and Eisenman, 1991; Prendergast et al., 1991). Carp 
max transcripts also undergo 15 bp alternative splicing. However, this alternatively 
spliced sequence is not previously described in mammalian max sequences, and only 
fish max genes contain this insertion, although there is no comment that this inserted 
sequence is alternatively spliced in zebrafish. Furthermore, this alternative splicing is 
observed in the loop region of helix-loop-helix. Therefore, a max CDNA of carp 
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encodes two members of MAX isoforms, which may bind some proteins. However, 
the differential activities of these alternative forms remain undetermined in this report. 
Two bands were observed by genomic Southern blot analysis, in ECORI digests 
(21 kb and 4.6 kb) and HindIII digest (4.0 kb and 2.4 kb), respectively (Fig. 4). These 
bands are thought to correspond to at least two max genes existing per haploidy genome 
in the common carp, because carp are tetraploidy. Although we isolated sixteen single 
clones from a RT-PCR product and analyzed the nt sequences, other max clones were 
not Isolated. Therefore, after the tetraploid event, one of the 2 duplicated genes may 
not be transcribed in the tissue examined in this study or become a pseudogene. 
3.2. Dlfferential expression of max and two c-myc genes in several tissues 
Transcripts of max gene were observed in all of the carp tissues (hepatopancreas, 
kidney, brain, heart, gill, ovary) investigated in this study (Fig. 5). The highest 
expression was found in the ovary, and the transcripts in hepatopancreas and heart were 
low. Dramatically expression in ovary may correlate with L-myc which is transcribed 
in the uterus and during early development (Schreiber-Agus et al., 1993a). 
We also analyzed the tissue-specific expression of two c-myc genes of carp by 
RT-PCR/Southern blot hybridization (Fig. 6). In mammalian terminally differentiated 
tissues, c-myc expression is low or absent altogether (Zimmerman et al., 1986). In 
contrast, transcripts of two c-myc genes were observed in all of the tissues investigated 
in this study. In addition, high expression of c-myc in various adult tissues of zebrafish 
and Xenopus was also observed (Schreiber-Agus et al., 1993a; Schreiber-Agus et al., 
1993b). The steady-state expression in lower vertebrates may reflect with lower 
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vertebrate-specific functions, such as tissue regeneration and/or immortalization of cell 
lines. However, two carp c-myc mRNAS Were not clearly detectable by Northern blot 
hybridization and RNase protection assay using ten ug of total RNA in any of the 
organs investigated (data not shown). This result suggests that the level of c-myc 
expression in carp tissues examined in this study may be low. 
Cornparing CAMI with CAM2, mRNA Ievel of CAM2 in the hepatopancreas 
was lower than that of CAM1, while in the ovary, mRNA Ievel of CAM2 was higher 
than that of CAM1. The differences of expression pattern between the two c-myc 
genes of carp suggested that CAMI and CAM2 were evolving to acquire different 
functions after the tetraploid event. In our previous study, we determined the 
heterogeneous transcription start points of two c-myc genes from the hepatopancreas of 
carp (Futami et al., 2000). Differential expression pattern of two c-myc genes in the 
hepatopancreas may correlate with the variations of tsp. 
Interestingly, although the expression pattern of carp max is similar to that of 
CAM2, it is not similar to that of CAM1. In zebrafish, it is suggested that MYC/MAX 
heterodimer as a regulator of gene expression has been maintained throughout 
vertebrate evolution, and the expression of c-myc has been concomitant with max 
expression (Schreiber-Agus et al., 1993a). Therefore, the coordinate expression of 
CAM2 in the same tissues suggests that the CAM21M~~ complex may serve an active 
physiological role as an original MYC/MAX heterodimer. In contrast, CAMI may 
evolve to obtain a new function different from c-myc. Indeed, according to 
phylogenetic analysis, CAMI is evolving 1.6 tirnes faster than CAM2 after gene 
duplication, and CAM2 is conserved throughout vertebrate evolution. (Zhang, 1994). 
This result agrees with the suggestion that subsequent to the tetraploidization event, one 
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of the 2 duplicated genes may evolve faster to obtain a new function or become silent 
(Ohno, 1970). However, the MOTIF program (http://motif.genome.ad.jp~ to predict 
the 3D structures of MJ~, CAMI and CAM2 showed that all of these had the motif of 
helix-loop-helix (data not shown). Therefore, the CAM1/MAX heterodimer formation 
may be considered as a possibility. It remains to be analyzed about the difference of 
affinity in vivo between M~~ and two C-MYC. 
The present study may help us to understand the evolutionary origin and 
relationships of the myc gene farnily in vertebrates, besides knowing the transcriptional 
control and evolution of max and two types of c-myc genes in tetraploid fishes. 
Further studies are needed to determine the difference of intracellular function between 
two c-myc genes, and the protein-protein interaction of h/L~ and two C-MYC. 
3. 3. Concl usions 
(1) We cloned the carp max CDNA by the RT-PCR and the RACE method. The aa 
sequence of this gene were highly conserved throughout vertebrate evolution. 
(2) Carp max transcripts undergo 15 bp alternative splicing. This alternatively spliced 
sequence is not previously described in mammalian max sequences, and only fish 
max genes contained this insertion 
(3) Transcripts of the max gene were observed in all of the carp tissues (hepatopancreas, 
kidney, brain, heart, gill, ovary) investigated in this study. The highest expression 
was found in the ovary. Two carp c-myc genes (CAMI and CAM2) showed 
differential expression pattern. The expression of max was concomitant with 
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CAM2 expression, but not concornitant with CAM1. This result 
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Fig. 1. Strategy of cloning the full-length CDNA of max gene of common carp. The 
full-length CDNA of max was determined by 3 overlapped partial CDNA, 5'RACE, 
RT-PCR, 3'RACE products. Pa-Pc, P1-P5, primers; A, adapter; 5'UTR, 5' 
untranslated region; ORF, open reading frame; 3'UTR, 3' untranslated region. 
Fig. 2. The nt and deduced aa sequences of carp max CDNA. Deduced amino acids are 
shown as one letter code below each codon. Alternatively spliced sequence is 
underlined 
Fig. 3. Alignment of deduced amino acid sequences of the max genes of chicken 
(EMBL. L12469), Xenopus laevis (L09738), rat (D14447), mouse (M63903), zebra 
fish (L11711), common carp (DDBJ, AB036771) and human (EMBL, M64240),. 
The abbreviated standard one-letter code aa sequences were initially aligned by using 
a multiple alignment program in CLUSTAL W (Thompson et al., 1994). Asterisks 
(*) represent identity between the seven animals. Gaps ~) were introduced to 
optimize identity. Alternatively spliced sequence is underlined. The bHLH was 
indicated. Conserved hydrophobic residues of the leucine zipper were indicated by 
sharps (#). 
Fig. 4. Genomic Southern blot analysis of carp genomic DNA (10 ug) digested with 
ECORI (lane 1) or HindIII (lane 2) and hybridized with a part of putative exonl of 
carp max, which was amplified by PCR using CDNA clone as template. Two bands 
were detected in ECORI digests (21 kb and 4.6 kb) and HindIII digest (4.0 kb and 2.4 
kb), respectively 
Fig. 5. Tissues distribution of max mRNA expression in carp by Northern blot analysis. 
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Fig. 6. Detection of the mRNA of carp two c-myc genes by RT-PCR/Southern 
hybridization. Expression of cytoskeletal ~-actin gene was used for internal 
control The data shown were denved from a single experiment that is 
representative of at least two independent experiments. 
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The proto-oncogene c-myc is thought to be one of the most important genes in 
controlling cell proliferation. In a tetraploid fish, two c-myc genes (CAMI and CAM2) 
have been isolated from the cornmon carp, Cyprinus carpio. Two carp c-myc genes 
(CAMI and CAM2) showed different expression patterns in adult tissues as reported 
previously. Here we found that CAMI and CAM2 expressed different patterns in 
cultured cells due to serum stimulation, and both CAMI and CAM2 had distmct 
properties in terms of their transcription regulation system, cooperation with Max, and 
transcriptional activation to the TERT gene. These results showed that the two carp 
c-Myc have overlapping but distinct functions, suggesting that CAMI and CAM2 may 
be evolving to acquire different functions after the tetraploidization event. 
~/1 
INTRODUCTION 
Polyploidy is a potentially important process in the evolution of vertebrates (1, 
2). It is believed that a tetraploid event took place about 500 million years ago in a 
common ancestor of all vertebrates (3). Higher vertebrates have evolved sex 
determination based on heteromorphic sex chromosomes, which prevent successful 
polyploidization (1). Polyploidy is still common in teleosts, which seem to be sexually 
undifferentrated. Studies on gene duplication in tetraploid teleosts are irnportant for 
investigating the evolutionary processes following the tetraploid event (4). 
The proto-oncogene c-myc is thought to be one of the most important genes in 
controlling cell proliferation ( 5 ). It is crucial for cell cycle, cell growth, 
differentiation, apoptosis, transformation, genomic instability and angiogenesis, and is 
highly conserved in vertebrates (6). Although a great number of researches have been 
carried out, the mode of action and its interaction with the signaling pathway is still 
unclear; the regulation of its expression and function is still far from being understood 
(7). In the human genome, 5 members of the myc gene family (c-myc, L-myc, N-my'c, 
s-myc, B-myc) have been reported (8). Each member is structurally similar to one 
another, however, nucleotide and amino acid identities shared by them are less than 
60%. Evolutionary origin and relationships of each myc member remain unknown. 
In a tetraploid fish, two c-myc genes (CAMI and CAM2) have been isolated frorn 
the common carp, Cyprinus carpio (9). According to phylogenetic analysis, CAMI is 
evolving faster than CAM2 after gene duplication (10). In addition, CAMI and CAM2 
showed the heterogeneous transcription start points and different expression patterns as 
reported previously (11, 12). The expression ofMax, which forms heterodimers with 
members of the Myc protein family (13), was concomitant with CAM2 expression, but 
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not concomitant with CAM1. In zebrafish, it is suggested that Myc/Max heterodimer 
as a regulator of gene expression has been maintained throughout vertebrate evolution, 
and the expression of c-myc has been concomitant with Max expression (14). Both the 
sequences and the pattern of expression lead us to predict functional differences. 
However, the biological significance of c-myc-duplication is unknown. 
For better understanding of the evolution and function of myc family in higher 
vertebrates, studies on the expression and function of c-myc in lower vertebrates, 
especially in tetraploid fish, will provide useful insight. The biological significance of 
the duplication of c-myc is of great interest. Biochemical analyses at the protein level 
are required to reveal any functional divergence of the two c-myc. In this report, in 
order to clarify whether differentiation of some kinds of function occurs during two 
types of c-myc genes, we analyzed the differences of intracellular function between two 








































































regions of CAMI and CAM2. Hybridization procedures were performed using 
ULTRAhyb (Ambion), following the manufacturer's protocols. 
GST-pull down assay 
GST fusion proteins were prepared as described (17) except that the induction 
with isopropyl thio-D-galactoside was done at 30 'C. To synthesize the c-Myc proteins 
in vitro, TNT Quick Coupled Transcription/Translation Systems (Promega) was used. 
pCDNA3-CAMI and pcDNA3-CAM2 was transcribed with T7 RNA polymerase and 
translated in the presence of [35S]methionine. GST fusion proteins bound to GST 
beads (50 u1 of 50% slurry), and 10 u1 of in vitro translation products were mixed with 
300 u1 of NETN buffer (20 mM Tris, pH 8.0, 100 mM NaCl, I mM EDTA, 0.5% 
Nonidet P-40), incubated at on ice for I h, washed with NETN buffer 4 times, and 
subjected to SDS-PAGE (10% polyacrylamide gel) and fluorography. 
Two-hybrid assay on fish cultured cells 
Two-hybrid assay was carried out using CheckMate Mammalian Tw(>hybrid 
System (Promega) according to the following protocol. EPC cells were transfected at 
20-30% confluence in 24-well dishes by using TranslT-LTI (PanVera) following the 
manufacturer s mstructrons. 330 ng of pG5luc vector was cotransfectedwith 330 ng of 
pBIND-CAMI or pBIND-CAM2, 330 ng of pACT-Maxl or pACT-Max2. In all 
assays, Renilla luciferase in pBIND vector was used as the internal control. After 
transfection, cells were incubated for 48 h. Cell extract preparations and dual 
luciferase assays were performed following the manufacturer'sprotocols (Toyo Ink). 
~f7 
Gel slft asssay 
c-myc and Max transcripts were translated in vitro with nonradioactive 
methionine. c-Myc and Max (2:1) were mixed after translation and analyzed for 
binding to the synthetic oligonucleotide containing the E-box (Myc/Max: 5'-GGA AGC 
AGA CCA CGT GGT CTG CTT CC-3') by the gel sift assay. For cornpetition assay, 
mutant oligonucleotides for Myc/Max (5'-GGA AGC AGA CCA CGG AGT CTG CTT 
CC-3') were used as competitor. The DNA binding reaction was allowed to proceed 
for 30 min at room temperature with 2 ug of poly(dl-dC) poly(dl-dC) (Amersham 
Bioscience), 20mM Tris-HCI (pH 7.9), 2mM MgC12, 50mM NaCl, ImM EDTA, 10% 
glycerol, 0.1% Nonidet P-40, ImM DTT, 50 ug/ml bovine serum albumin, the 
appropriate 32P-labelled double-stranded (annealed) oligomer and, in some samples. 
After incubation, each sample was electrophoresed in a native 5% polyacrylamide gel 
using 0.25 x TBE buffer. The gels were dried and analyzed by using Bio-Imaging 
Analyzer (BAS 1000, Fuji Photo Films, Japan). 
Analysis of c-Myc transcriptional regulatory activity in transient-cotransfection assay 
For Analysis of c-Myc transcriptional regulatory activity, c-Myc expression 
vectors (pCDNA3-CAMI or pcDNA3-CAM2) as effecter vector were cotransfected into 
KF cells with reporter vector (pGL3-MMBS-SV40) and pRL-SV40 using TranslT-LT1 
(PanVera). After transfection, cells were placed in MEM-HEPES supplemented with 
0.1% serum to reduce the activities of endogenous c-Myc for 48 hr. Cell extract 
preparations and dual luciferase assays were performed following the manufacturer's 
protocols CFoyo Ink). 
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Detectoin of mRNAS of c-Myc target genes 
For c-Myc overexpression assay, the KF cells were transiently transfected at 
20-30% confluence in 6-well dishes with I ug pCDNA3-CAMI or pCDNA3-CAM2 
using TranslT-LTI (PanVera). After transfection, cells were placed in MEM-HEPES 
supplemented with 0.1% serum, to reduce the activities of endogenous c-Myc, for 24 hr 
before harvesting. 
To inhibit expression of endogenous c-myc, the 25-mer morpholino antisense 
oligonucleotide (MO-CAM2) was purchased from Gene Tools, LLC (Philomath, Ore.). 
MO-CAM2 (5'-ACG CCA AAC TCG AAC TCA TCG GCA T-3') was designed 
against the 5'-untranslated region and starting codon (underlined sequences are 
complementary to starting codon) of CAM2. Transfections were performed by 
double-scrape delivery method following the manufacturer's protocols. 
After harvesting, total RNA was isolated by using Sepasol RNA I Super 
(Nacalai Tesque), according to the manufacture's protocol. Expression of c-Myc target 
genes, TERT, p53, Hsp70, ODC and cdc25 (for review, see ref. 6) were assessed by 
semiquantitative RT-PCR as described above. AJI CDNA fragments were newly 
isolated by degenerate PCR. Primer sequences were shown in Table I. 
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RESULTS 
Time course of induction of two c-myc mRNAS expression in carp cells--
c-myc is the early-response gene. The transcription of c-myc is induced in 
several different cells by serum stimulation and causes the cell to exit Go and to 
proliferate (18, 19). Here, KF and KG cells were cultured for various time periods 
after serum stimulation. mRNA expression of CAM2 were induced in KF cells 
(P<0.001) and continued to increase during the first 12 h (Fig. IA), but constant in KG 
cells (Fig. IB). In contrast, the expression of CAMI were significantly increased in 
KG cells (P<0.001) (Fig. IB), but slightly changed in KF cells (P<0.05) (Fig. IB). In 
mammalian cells, Myc protein itself inhibits myc transcription, and this negative 
feedback is thought to explain why the level of Myc declines from its initial peak to a 
10wer steady value (20, 21, 22). However, carp c-myc mRNAS were not negatively 
autoregulated, which is different from mammalian c-myc. 
Promoter activity of the 5 ' flanking regions of carp c-myc genes--
In order to analyze the structure of the carp c-myc promoters, we cloned 5' 
flanking regions of carp c-myc genes by inverse PCR. As a result, the nucleotide 
sequences of these clones (CAM1, 1578 bp and CAM2, 1235 bp) were determined 
(DDBJ, accession nurnber ABI03397 and ABI03398). Using LALIGN algorithm 
(htt :f/www.ch.embnet.or /soft~varefLALIGN form.html) (23), the nucleotide identities of 
these clones were low (45.3%). Using the BLAST program (24), there are no 
nucleotide identities between the 5' flanking regions of carp c=myc and other vertebrates 
(data not shown). 
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Various deletion mutants of these 5' upstream regions containing exonl and 
intronl of both c-myc were made and assayed for their promoter activity by dual 
lusiferase assay. The result is shown in Fig. 2. When the 5' deletion mutants were 
assayed, the exonl of CAMI had activities as a positive regulatory element. In CAM2, 
the regions of -891 to -1588 contained a negative regulatory element. Potential 
regulatory elements were analyzed using transcription factor binding site databases. 
TFSEARCH (ht,t ://~~'w~~".cbrc.' /research/db/TFSEAR,CH.html) (data not shown). The 
exonl of CAM1, which showed higher promoter activity than that of CAM2, contained 
cdxA binding sites. cdxA protein can further activate transcription in cells in culture 
(25). In the upstream region between the -892 and -1588 of CAM2, the TFSEARCH 
program predicted potential binding sites for MZF1. MZFI protein negatively 
regulates CD3 and c-myb promoter activity in hematopoietic and non-hematopoietic 
cells upon binding to the MZFI binding sites present in the 5'-franking region of both 
genes (26). 
We next analyzed CpG island methylation of both c-myc in KF and KG cells by 
Southern blotting. BsaHI digested 5' flanking regions of CAMI in KG cells, although 
did not digest 5 ' flanking regions of both c-myc in KF cells (Fig. 3). Therefore, the 
promoter of CAMI is active in KG at least. This result may correlate with induction of 
CAMI mRNA expression in KG cells after serum stimulation (Fig. IB). 
Interaction of c-Myc with Max--
To test the specificity of the interaction between (>Myc and Max, we used 




Max but not to GST itself. In CAM1, a minirnal level of binding to both Max was 
observed in this assay (Fig. 4A). 
Two-hybrid system with carp cell lines confirmed the interaction of c-Myc and Max 
in another system. Both c-Myc are able to form a heterodimer with Max, but CAM2 
binds to full-length Max more tightly than does CAMI (Fig. 4B). 
Binding of a Myc/Max complex to E-box--
Myc/Max complexes recognize the target sequence (E-box, CACGTG) and function 
as transcription activators. We assessed whether in vitro translated Myc could bind an 
E-box in a gel sift assay. Both c-Myc, along with its DNA binding partner Max, 
efficiently interacted with E-box. In competition assay, these Myc-DNA interactions were 
specifically inhibited by the addition of 50-fold excess amount of unlabeled competitor 
oligonucleotides containing the wild type (wt; CACGTG), but not the mutant (mt; 
CACGga), Myc binding site. Therefore, both c-Myc can bind to E-box with same affinity 
and specificity (Fig. 5). 
Analysis of c-Myc transcriptional regulatory activity in transient-cotransfection assay in 
carp cells--
To investigate whether c-Myc is capable of transcriptional regulation of gene 
expression in live cells, we used a transient-transfection assay in which c-Myc 
expression vectors (pCDNA3-CAMI or pcDNA3-CAM2) were cotransfected with a 
reporter plasmid (pGL3-MMBS-SV40). A single copy of the E-box is linked to an 
upstream of a SV40 promoter sequence and a luciferase gene in the plasmid. 
Transfection of c-Myc expression vectors led to increase in reporter gene activity. 
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Comparing CAMI with CAM2, Iuciferase activity of CAM2 is partially but 
significantly higher than that of CAMI (Fig. 6). High levels of luciferase activity were 
detectable when the reporter plasmid was transfected with control expression plasmid. 
Endogenous c-Myc may be contained in carp cells, because transcription of c-myc was 
not O % in reduced serum medium (refer hour O in Fig. IA) 
Transcriptional activation of c-Myc target genes--
To test the effect of each c-Myc overexpression, we analyzed the expression of 
target genes of c-Myc in KF cells transfected with expression vectors containing CAM1 
or CAM2 CDNA. When pCDNA3-CAMI was transiently tranfected, Hsp70, ODC, 
cdc25 mRNA expression was induced. In contrast, transfection of pCDNA3-CAM2 
induced an increase in the expression of telomerase reverse transcriptase, TERT, in 
addition to Hsp70, ODC and cdc25 (Fig. 7). 
When the morpholino antisense oligonucleotide (MO-CAM2) was transfected, 
the expression level of TERT was suppressed (Fig. 7). Therefore, expression of TERT 
mRNA may be regulated by only CAM2. These results indicate that the two GMyc 
proteins may have distinct abilities to induce activation of telomerase in carp cells. 
Other target genes were not suppressed by MO-CAM2, so CAMI may be able to make 
up for the functions of CAM2. In this research, we could not design the morpholino 
antisense oligonucleotide against CAM1. 
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DISCUSSION 
In the present study, we analyzed the biochemical functions of two distinct 
c-Myc in carp, and demonstrated several differences in the two c-Myc. 
Here, we analyzed the expression of two c-myc genes in cultured cells of carp 
(KF and KG cells) CAMI and CAM2 showed drfferent expressron after serum 
strmulation. The difference of expression observed in two cell lines may be concerned 
with the distinct properties between fibroblast (KF) and epithelial cells (KG). Next, to 
study the function of cis-acting elements of both c-myc genes, we carried out luciferase 
assay and analysis of the methylation of CpG islands. As a result, CAMI and CAM2 
showed differential transcription regulation systems. This result may reflect the 
difference of expression and the structure of exonls and 5' franking regions (11). 
Myc/Max heterodimer is able to function as transcription activators (27, 28). 
Although the expression pattern of CAM2 is similar to that of Max, CAMI is not similar 
to it (12). The coordinate expression of CAM2 in the same tissues suggests that the 
CAM2/Max complex may serve an active physiological role as an original Myc/Max 
heterodimer throughout vertebrate evolution. Indeed, also in zebrafish, Myc/Max 
heterodimer as a regulator of gene expression has been maintained, and the expression 
of c-myc has been concomitant with Max expression (14). Affinity in vitro and in vivo 
between Max and two c-Myc showed that CAM2 binds to Max more tightly than does 
CAM1. This result may correlate with our previous report (12). The difference of 
affinity between Max and two c-Myc in carp cells may influence transcriptional activity 
to target genes. 
Expressions of c-Myc target genes following overexpression of each c-Myc and 
the knock-down of CAM2 showed that Hsp70, ODC and cdc25 mRNA expression were 
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regulated by both c-Myc. Gel-sift assay revealed both c-Myc could bind to the same 
target sequences, E-box, indicating that CAMI and CAM2 have the same target gene. 
Therefore, Overlapping functions between both c-Myc raise the possibility of 
complernentation of CAM2 deficiency by CAM1. But in TERT, that is a subunit of 
telomerase, the transcription of this gene was regulated by only CAM2. This result 
may be related to the fact that transcriptional activity of CAM2 is higher in some parts 
than that of CAMI . 
Our present data demonstrate that CAMI and CAM2 do not have completely 
redundant functions, and have distinct properties in terms of expression patterns, 
transcription regulation systems, cooperation with Max, and transcriptional activation. 
In other words, it is likely that CAMI and CAM2 have overlapping but somewhat 
distinct functions. Moreover, it is noteworthy that CAM1, but not CAM2, has 
apparently deviated from the original function of c-myc gene through vertebrate 
evolution. This result agrees with the hypothesis that one of the 2 duplicated genes 
may evolve faster to obtain a new function or become silent being subsequent to the 
tetraploidization event (1). According to phylogenetic analysis, CAMI is evolving 1.6 
times faster than CAM2 after gene duplication, and CAM2 is conserved throughout 
vertebrate evolution (10). We reasoned from the results of these phylogenetic and 
functional analyses that CAM2 was an ortholog of mammalian c-myc and CAMI was a 
novel homolog. Our results showed that the CAM1, which is evolving faster, might 
obtain a new function different from c-myc and regulate transcription of the target gene 
by changing the expression level in tissues and cells, supposing that myc family has 
been formed in fish as well as mammalian. 
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Although we still do not know the molecular mechanisms that define the distinct 
ability between both c-Myc, it is likely that some factors interact specifically with each 
of the two c-Myc proteins, eg. other proteins except tested ones that may effect on the 
transcriptional activity of each of the two c-Myc. Studying macromolecular 
interactions in a signaling pathway is the key to know the biological function. Indeed, 
recent advances have shown that Myc collaborates with a variety of other cellular 
factors at both of N- and C-terminal domains to mediate its many biological activities 
(for review, see ref. 6). We are currently investigating the mechanisms that underlie 
the difference between CAMI and CAM2 m therr cooperatrvely wrth new 
Myc-interacting proteins. 
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Fig. 1. Time course of induction of two c-myc mRNAS expression in carp cells. A, 
Serum induced c-myc expression in KF cells. B, Serum induced c-myc expression 
in KG cells. The dotted line with the open circles shows the CAMI mRNA 
expression, whereas the closed squares show the CAM2 mRNA expression. Results 
shown are the mean ~ SE (n = 3). Significant levels at P<0.05 (*) and P<0.001 
(***) wrth ANOVA are mdrcated whereas NS denote the levels not srgmficant at 
P>0.05. 
Fig. 2. Promoter activity of the 5' flanking regrons of carp c myc genes Relatrve 
luciferase activities in KF cells are shown by open bars, while in KG cells, are shown 
by closed bars. Results shown are the mean ~ SD (n = 3). 
Fig. 3. Analysis of the methylation of CpG islands of c-myc genes. Arrows show the 
bands detected in only KG cells. 
Fig. 4. Interaction of c-Myc with Max. A, In vttro bmding of c Myc wrth Max 
Products from the in vitro translation reaction are shown as input. Maxl represent 
the full-length type. Max2 represent the spliced variant. B, Analysrs of c Myc 
binding to Max by a two-hybrid assay using fish culture cells. Results shown are 
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the mean :!: SD (n = 3). 
Fig. 5. Binding of a Myc/Max complex to E-box. Unlabeled CAM1. CAM2 and 
Max proteins were translated in vitro. Each reactron contarned I ng of 32P Iabeled 
probe. The unlabeled competitor probe (wt or mt) was added in 50-fold excess (50 
ng). Asterisks (*) indicates a specrflc DNA protern complex RL retroulocyte 
lysate; wt, wild type; mt, mutant. 
Fig. 6. Analysis of c-Myc transcriptional regulatory activity in transient-cotransfection 
assay. Results shown are the mean :!: SD (n = 3). 
Frg. 7. Detections of mRNAS Of c-Myc target genes. A. The effect of each c-Myc 
overexpression. B, The effect of morpholino antisense CAM2. Expression of 
cytoskeletal P-actin gene was used for mternal control Expenrnents were 
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Abstract 
The proto-oncogene c-myc is thought to be one of the most important genes in 
controlling cell proliferation. However, the mode of action and its interaction with the 
signaling pathway is still unclear. In this research, we identified new c-Myc 
interacting proteins using bacterial two-hybrid system. As a result, 10 clones were 
cited as candidates of CAMI specific interacting proteins and 11 clones were cited as 
candidates of CAM2 specific interacting proteins. The difference of interacting 
proteins between these two c-Myc suggests that CAMI and CAM2 may evolve to 
acquire different functions in signaling pathways after the tetraploid event. The 
present study may help us to understand the biological roles of the c-myc genes in carp, 
besides knowing another function of c-myc, which is unknown in mammalian. 
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l. Introduction 
Studying macromolecular interactions in a signaling pathway is the key to 
know the biological function. Indeed, the identification of Max as a required partner 
of Myc proteins was pivotal and at the time led to a revolution in understanding of Myc 
function. Until recently, no other protein interactors that are so intimately linked to 
Myc activity had been identified. Recent advances have shown that Myccollaborates 
with a variety of other cellular factors at both its N- and C-terminal domain to mediate 
its many biological activities (Oster et al., 2002). In this research, we identified new 
c-Myc interacting proteins using bacterial two-hybrid system. 
2. Materials and methods 
2.1. Construction of carp CDNA Iibrary for "target" plasmid 
Total RNA was isolated from KF cells established from the common carp, 
Cyprinus carpio, by using Sepasol RNA I Super (Nacalai Tesque), according to the 
manufacture's protocol. Poly(A)+ mRNA was purified by Oligotex-dT30<Super> 
mRNA Purification Kit (TAKARA BIO INC., Otsu, Japan) and reverse transcribed 
104 
using the TimeSaver CDNA synthesis kit (Amersham Bioscience). 
with EcoRI-Xhol adapter was cloned into the identical restriction 
vector (Stratagene) to construct a library. 
The obtaind CDNA 
site f pTRG target 
2.2. Bacterial two-hybrid screening 
The BacterioMatch Two-Hybrid System Vector Kit was purchased from 
Stratagene. The CDNAS encoding both c-myc were amplified by PCR-based strategy. 
The PCR products, which were produced by an additional ECORI site in 5'-upstrearn 
and BamHI site in 3'-downstream, were subcloned in-frame into the identical restriction 
sites of pBT to generate "bait" plasmids, pBT-CAMI and pBT-CAM2. Both bait and 
target plasmids were introduced into BacterioMatch two-hybrid system reporter strain 
competent cells (Stratagene), using manufacture's protocol. Transformed cells were 
plated on LB CTCK agar plates contammg 250 ug/ml carbemcillm 15 ug/ml 
tetracycline, 34 ug/ml chlorarnphenicol and 50 ug/ml kanamycin, and incubated at 30'C 
for 24 h. Carbenicillin resistant colonies were picked up and assayed for lacZ activity 
using a P-Galactosidase reporter to validate specificity of protein-protein interactions. 
The nt sequences of the positive CDNA clones were analyzed by dye terminator cycle 
sequencing using the ABI PRISM 310 Genetic Analyzer (Perkh}Elmer Cetus, USA) 
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and nucleotide sequence databases were searched for homologous sequences using the 
BLASTN and BLASTX programs. 
3. Results and discussion 
Using CAMI and CAM2 as bait plasmids, we screened a CDNA Iibrary of 2 x 
105 colonies three times respectively. Using CAMI as bait, 16 positive colonies were 
obtained from cDNA Iibrary, while using CAM2, 15 positive colonies were obtained. 
Sequencing of the inserted cDNAs revealed that all clones had not been reported as 
Myc-interacting proteins in other vertebrates. As a result 10 clones were crted as 
candidates of CAMI specific interacting proteins (Table 1) and 1 1 clones were cited as 
candidates of CAM2 specific interacting proteins (Table 2). The difference of 
interacting proteins between these two c-Myc suggests that CAMI and CAM2 may 
evolve to acquire different functions in signaling pathways after the tetraploid event. 
Furthermore, the CAM1, which is evolving faster, may obtain new functions different 
from c-Myc. However, the biological significant of these proteins in carp cells is 
unclear at present. Interestingly, some ribosomal proteins were identified as both 
c-Myc interacting proteins. Intracellular localization of ribosomal proteins is different 
106 
from that of c-Myc proteins, so the interactions between these proteins are unlikely. 
However, recent reports on the involvement of ribosomal proteins in various genetic 
diseases and studies on the "extraribosomal functions" of these proteins have cast some 
light on their localization and functions (Wool et al., 1996). Ribosomal proteins are 
associated with cell differentiation and malignant tumorigenesis, and regulation of 
ribosome-interacting proteins seems to be tightly associated with the stress response, 
apoptosis and carcinogenesis. c-Myc is also associated with all of these phenotypes. 
Furthermore, c-Myc induces the transcription and translation of 40S and 60S ribosomal 
proteins (Coller et al., 2000, Guo et al., 2000, Boon et al., 2001, Neiman et al 2001 
Schuhmacher et al., 2001, Shiio et al 2002) Therefore mteractron between c Myc 
and ribosomal proteins may be considered as a possibility. The present study may help 
us to understand the biological roles of the c-myc genes in carp, besides knowing 
another function of c-myc, which is unknown in mammalian. However, false positives 
are often detected in two-hybrid system in general, so further studies are needed to 
determine the protein-protein interaction between two c-Myc and these proteins in vivo. 
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